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Kainate Reveals Its Targets Minireview
Considerable evidence from binding and autoradio-Juan Lerma
Instituto Cajal graphic experiments suggested the existence of high-
affinity binding sites for kainate in the brain with aConsejo Superior de Investigaciones CientõÂficas
28002-Madrid distribution different from that of AMPA-binding sites.
However, the unequivocal demonstration of the pres-Spain
ence of functional kainate receptors in neurons of the
CNS has proven to be difficult. Seven years ago, in an
elegant study carried out on dorsal root ganglion cells,During the last few years, a great deal of effort has
Huettner (1990) observed neuronal responses uponbeen dedicated to elucidating the mechanisms by which
rapid perfusion of kainate that differed from those pre-glutamate stimulates brain cells, the signal transduction
viously recorded. The receptors mediating these re-machinery involved, and why neurons are so vulnerable
sponses certainly differed from those expressed by cor-to sustained elevated concentrations of this amino acid
tical neurons, not only in their higher apparent affinityin the extracellular fluid. For the first time, we are in a
for either kainate or domoate, but also because theyposition to define the processes in which glutamate
could undergo marked desensitization. However, de-receptors of the kainate type play a role. What were
spite this evidence, it was another 3 years before theinitially confusing data as to the functional characteris-
presence of functional receptors selective for kainate intics of this elusive receptor are now being transformed
hippocampal neurons (Lerma et al., 1993) and glial cellsinto valuable information that has situated kainate re-
(Patneau et al., 1994) was demonstrated. In these twoceptors at the center of issues such as synaptic integra-
types of cells, kainate induced rapidly activating andtion and brain disorders.
inactivating currents. These responses could also beOver the years, the use of the potent excitatory com-
elicited by glutamate, quisqualate, and the potent mus-pound kainate in electrophysiologicaland pharmacolog-
sel toxin domoate but not by AMPA (see Figure 1A). RT-ical studies led to the belief in the existence of receptors
PCR of both tissue and single cells showed that theseof the kainate class (see Watkins and Evans, 1981), which
receptors contained the GluR6 subunit (Patneau, 1994;were thought to mediate the well-known excitotoxic and
Ruano et al., 1995). More recently, functional kainateepileptogenic effects of kainate. The recent isolation
receptors with properties compatible with GluR5/KA2of genes coding for both AMPA and kainate receptor
heteromers have also been found in rat trigeminal neu-subunits has permitted a more detailed analysis of the
rons (Sahara et al., 1997).actions of kainate. As a result, we now know that this
AMPA and kainate receptors coexist in neurons (Fig-compound does not act on a single type of receptor
ure 1B; Lerma et al., 1993). Thus, the lack of specificclass, but rather that it is able to activate both kainate
pharmacological agents has precluded the activation ofand AMPA receptors. The role for kainate receptors in
kainate receptors without activating AMPA receptors.epilepsy and exitotoxicity was then called into question,
However, the separation of kainate receptor±mediatedsince the largely nondesensitizing kainate-induced re-
responses from the AMPA receptor±mediated currentssponse in AMPA receptors could probably mediate
was made possible by the synthesis of the 2,3-benzodi-these activities. Thus, paradoxically, as our knowledge
azepine compounds by Ivstan Tarnawa and associatesof the molecular composition of glutamate receptors
(see Lerma et al., 1997, and references therein). It wasprogressed, the role of kainate receptors became less
demonstrated that one of these compounds (GYKIclear.
53655) is a specific AMPA receptor antagonist, finallyªClone and patchº procedures have established that
enabling the functional isolation of kainate receptorsthere are three different families of ionotropic (i.e., form-
(Figure 1B; Paternain et al., 1995). With the advantageing channels) glutamate receptors, named after the
of this tool, it was possible to demonstrate that rapidcompounds that preferentially activate them. These are
synaptic currents in CA1 and dentate gyrus lack a kai-the so-called N-methyl-D-aspartate (NMDA), a-amino-
nate receptor±mediated component (Lerma et al., 1997),3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA),
which, contrary to expectations, suggested that kainateand kainate receptors. Each is composed of several
receptors were not mediating fast synaptic transmissionsubunits; GluR5, GluR6, and GluR7 alone or in combina-
in the hippocampus. However, two groups have recentlytion with KA1 and KA2 form the kainate receptors. GluR5
shown that this class of receptor may be synapticallyforms receptors that can be activated by kainate, do-
activated in mossy fiber±CA3 neuron contacts (Castillomoate, and AMPA. GluR6 generates homomeric chan-
et al., 1997; Vignes and Collingridge, 1997). This kainatenels with fast desensitizing kinetics that are not sensitive
receptor±mediated response is built up by summationto AMPA. It has recently been demonstrated that GluR7
during repetitive stimulation of mossy fibers. Althoughsubunits form functional homomeric receptors with very
no function has yet been ascribed to this response, suchlow affinity for glutamate that are insensitive to AMPA
a synaptically triggered depolarization of CA3 neuronsand domoate (Schiffer et al., 1997). All these subunits
adds further degrees of freedom to synaptic integration.form heteromeric receptors when coexpressed with KA1
In addition, such a slow response is unanticipated fromor KA2, giving rise to ion channels with unanticipated
the rapid activation±inactivation kinetics of kainate re-properties. For instance, the insertion of KA subunits
into GluR6 or GluR7 receptors makes them sensitive to ceptors. It may be that a large fraction of kainate recep-
tors needs to be activated to generate a detectableAMPA.
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of such low-affinity receptors. In addition to the possibil-
ity of extrasynaptic location, several other explanations
can be offered. For example, a receptor with very low
affinity for glutamate would also be compatible with the
high sensitivity of the response to stimulation frequency
of mossy fibers. There is evidence for such a low-affinity
kainate receptor: GluR7 subunits form recombinant re-
ceptors with an EC50 for glutamate of z6 mM (Schiffer
et al., 1997). However, a kainate receptor responsible
for such a response should not exhibit complete desen-
sitization. Finally, we cannot rule out the possibility of
novel kainate receptors with functional properties that
could account for the observed discrepancy. Indeed,
recombinant kainate receptors do not entirely match the
functional properties of those present in hippocampal
neurons (Lerma et al., 1997, Soc. Neurosci., abstract).
Another functional implication for kainate receptors
in synaptic integration has recently come to light, thanks
to the availability of GYKI 53655 and other new com-
pounds. In a recent issue of Neuron, RodrõÂguez-Moreno
et al. (1997) demonstrated that activation of kainate re-
ceptors down-regulates GABAergic inhibition in hippo-
campal CA1 pyramidalneurons. A number of experimen-
Figure 1. Properties of Kainate Receptors Expressed by Cultured tal protocols (e.g., analysis of synaptic failures, the
Hippocampal Neurons
representation of normalized variance versus the nor-
(A) In young cells (2 days in vitro) where the perfusion of AMPA (500
malized mean, analysis of miniature IPSCs, etcetera) all
mM) induced negligible responses, kainate (300 mM) activates an
demonstrated a presynaptic mode of action for kainate.inward current that inactivates rapidly. In this same neuron, gluta-
At the same time, a paper by Clarke et al. (1997) ap-mate (300 mM) induces the same kind of response. The response
to domoate (40 mM, from a different cell butof similar characteristics) peared, describing a new compound, ATPA (2-amino-
exhibits incomplete desensitization and very slow deactivation ki- 3-[3-hydroxy-5-tert-butylisoxazol-4-yl]propanoic acid),
netics after removal of the agonist (modified from Lerma et al., 1993). that, like kainate, regulates synaptic inhibition in the
(B) Kainate receptor±mediated responses revealed by blocking
hippocampus. Interestingly, this compound was pos-AMPA receptors in mature neurons. Responses were recorded from
tulated to be selective for GluR5-containing or homo-a hippocampal neuron in microculture conditions 14 days after plat-
meric receptors, although it has not yet been evaluateding. Withno antagonists of AMPA receptors added (Control), kainate
(300 mM) induces a large, slowly rising, and nondesensitizing re- on kainate receptors expressed by hippocampal cells
sponse of the type induced by activation of AMPA receptors. The (these may or may not contain GluR5 subunits; see Ru-
noncompetitive antagonist of AMPA receptors, GYKI 53655, com- ano et al., 1995). The availability of knockout mice for
pletely blocks AMPA receptor activation (induced either by 500 mM
each of the kainate receptor subunits will soon allowS-AMPA or kainate), leaving a small kainate-activated transient cur-
clarification of which kind of subunit participates in spe-rent, which reveals the existence of a population of receptors (re-
cific kainate-mediated responses. It is expected thatsponse is shown enlarged on the right) that, as in young cells,
are exclusively activated by kainate. Traces on the right are the the targeted disruption of the kainate receptor subunit
superposition of normalized responses obtained with kainate (in the responsible for the inhibition of GABA release will pro-
presence of GYKI, solid trace) and AMPA (dotted trace) to illustrate duce a ªquietº mouse, since its phenotypic behavior
that both receptors have similar kinetic properties (modified from
should be consistent with GABAergic hyperactivity.Paternain et al., 1995).
Whatever the subunit composition, it seems clear that
kainate receptors modify the reliability of GABAergic
synapses, thus modifying the strength of inhibitory con-
current, accounting for the necessity of response sum- nections in the hippocampus.
mation. Although the lack of effect of glutamate uptake According to this information, kainate receptors may
blockers or changes in glutamate release on the decay have a role in the etiology of epilepsy. In vivo experi-
kinetics of the responses support a synaptic localization ments carried out in rats with a microdialysis probe
of the receptors (Castillo et al., 1997), two observations implanted in the hippocampus demonstrated that low
are more consistent with an extrasynaptic location. First, concentrations of kainate not only dramatically reduced
kainate and AMPA receptors have similar activation± the extent of GABAergic inhibition but also produced
inactivation kinetics (Figure 1B), and second, both have a firing pattern reminiscent of status epilepticus. This
the same affinity for glutamate (EC50 of z300 mM; Lerma activity was correlated with the presence of epileptic
et al., 1997, Soc. Neurosci., abstract). Therefore, if both spikes in hippocampal electrical activity (RodrõÂguez-
receptor subtypes were colocalized at the synapse, one Moreno et al., 1997). It is well-known that similar spikes
would expect similar kinetics for the kainate- and AMPA- appear in vivo and in slices after exposure to convul-
mediated responses. Interestingly, if indeed kainate re- sants that block GABA-mediated inhibition. In relation to
ceptors are located extrasynaptically, considerable this, allelic variants of the human GluR5 kainate receptor
amounts of glutamate must spill over beyond the syn- gene (GRIK1) have recently been associated with sus-
ceptibility to juvenile absence (petit mal) epilepsy, aapse to reach a concentration sufficient for activation
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the ªwindow currentº predicted by Hodgkin and Hux-
ley's model of activation±inactivation of voltage-depen-
dent sodium channels. Very low and very high concen-
trations of agonist (equivalent to low and high voltage
steps in voltage-gated channels) hinder steady-state
receptor activity because the low concentrations are
unable toactivate the receptors and high concentrations
rapidly desensitize them, resulting in a theoretical bell-
shaped curve that predicts the steady-state activity of
kainate receptor agonists (i.e., the fraction of noninacti-
vated channels that would be activated at each agonist
concentration). Interestingly, it can be demonstrated
that the effectiveness of both kainate and glutamate for
reducing GABAergic transmission in hippocampal slices
is in keeping with the bell-shaped curve predicted from
studies on kainate receptors expressed by hippocampal
cells in culture. Thus, kainate receptors modify the
strength of inhibitory connections within a precise extra-
cellular concentration range of glutamate, a fact that
endows tuning properties to these receptors.
What next? The next step should clearly be to identify
Figure 2. A Hypothesis for Kainate Receptor Function
the mechanisms by which kainate receptors are able to
Glutamate spillover during single or repetitive activation of gluta- modify the reliability of GABAergic synapses (see Figure
matergic synapses (Glu) may influence GABAergic terminals and
2). Although there are several ways in which it is possibleactivate presynaptic kainate receptors. For this to occur, inhibitory
for an ionotropic receptor to modulate transmitter re-terminals must be relatively near donor glutamatergic synapses, as
has been previously demonstrated. The inset shows a GAD-positive lease (as discussed in RodrõÂguez-Moreno et al., 1997;
terminal in monkey cortex forming a symmetricsynapse (blue arrow) also see Mayer, 1997), the recent demonstration that
with an isolated dendritic spine. The spine is also contacted by a glutamate receptor±forming ion channel, the AMPA
an unlabeled terminal, which forms an asymmetrical synapse (i.e.,
receptor subunit GluR1, may also serve a metabotropicglutamatergic; red arrowhead) (taken with permission from Houser,
function (Wang et al., 1997) adds fuel to our imagination.C.R., Vaughn, J.E., Hendry, S.H.C., Jones, E.D., and Peters, A. (1984).
Also of interest will be to determine whether the use-In Cerebral Cortex, Vol. 2: Functional Properties of Cortical Cells,
E.D. Jones and A. Peters, eds. (New York: Plenum Press), pp. 63± dependent, kainate receptor±mediated depolarization
89.). Both contacts are so close that repetitive activation of gluta- of CA3 pyramidal neurons represents a novel form of
matergic synapses and/or reduction of glutamate clearance may be synaptic plasticity, and how such plasticity may affect
expected to have a striking effect on GABAergic inhibition. Further- behavior. Finally, we cannot ignore the fact that the
more, according to recent reports (Castillo et al., 1997; Vignes and
control of GABAergic synapses has profound therapeu-Collingridge, 1997), high-frequency stimulation of mossy fibers may
tic implications, as it is well-established that depressionactivate postsynaptic kainate receptors inthe CA3field of the hippo-
campus. Although it needs further substantiation, such a result of GABA function underlies the pathogenesis of some
would be compatible with an extrasynaptic localization of kainate epilepsies. Thus, presynaptic kainate receptors now be-
receptors, which under such circumstances could be reached by come a possible target for therapeutic intervention in
the glutamate overspill.
epilepsy and other brain diseases. Kainate, the old com-
pound, has revealed its targets, adding new dimensions
common subtype of idiopathic generalized epilepsy (ac- to the function of glutamate receptors and the promise
counting for 5% of all epilepsies; see Sander et al., 1997). of exciting developments to come.
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